In eukaryotes chromosomes are compartmentalized within the nucleus 24 delimited by the double membrane of the nuclear envelope (NE). Defects in the 25 function and structure of the NE are linked to disease 1,2 . During interphase, the 26 NE organizes the genome and regulates its expression 
of nuclear compartmentalization. 48 49
In S. japonicus, the NE ruptures in anaphase at a single medial site, to be quickly 50 reformed around the segregated genomes at mitotic exit 10, 11 . The establishment of 51 nucleocytoplasmic compartmentalization begins while the spindle is still present 10 . At 52 this stage, the nuclear membrane wraps tightly around the intersecting spindle 53 microtubules 10, 11 . Thus, nuclear compartmentalization is established prior to nuclear 54 membrane resealing, which can be completed only after spindle breakdown. Lem2 55 enriches at these structures that we term 'tails', in addition to its spindle pole body3 (SPB) localization 10 (Fig. 1a) . Other NE proteins such as components of the nuclear 57 pore complexes (NPCs) and the second fission yeast LEM-domain protein Man1 are 58 largely excluded from the 'tails' due to their interactions with segregating 59 chromosomes at this stage of mitosis [10] [11] [12] . Thus, the 'tail' is a specialized membrane 60 domain, spatially segregated and partitioned away from the rest of the NE during 61 mitotic exit (Fig. 1a, right panel) . 62
63
Lem2 orthologues function in complex with another INM protein Nur1 to promote 64 heterochromatin tethering and heterochromatic gene silencing [13] [14] [15] . In S. japonicus, 65
Nur1 largely co-localized with Lem2 throughout the cell cycle, enriching at the NE 66 'tails' at the end of mitosis (Fig. 1b) . This localization of Nur1 required Lem2, as Nur1 67 redistributed throughout the ER in lem2∆ cells (Fig. 1c) . Conversely, in cells lacking 68 Nur1, less Lem2 signal was detected at the SPBs and the NE (Fig. 1d) . Additionally, 69
Lem2 residence time at the 'tails' was drastically reduced in Nur1-defcient cells (Fig.  70 1e). Thus, Lem2 and Nur1 appear to co-depend on each other for proper localization 71 to the NE and the SPB throughout the cell cycle. 72
73
We have previously shown that proper post-mitotic establishment of 74 nucleocytoplasmic compartmentalisation failed in the absence of Lem2 10 ( Fig. 1f) . 75
Using a nucleoplasmic reporter protein GFP-GST-NLS-GFP (referred to as GFP-76 NLS), we discovered that nur1∆ cells displayed a similar phenotype. Compared to 77 wild type (WT) cells where nucleocytoplasmic compartmentalisation was typically re-78 established 4-6 minutes after NE rupture in anaphase, lem2∆ and nur1∆ mutants 79 achieved this state considerably later and in a desynchronised manner. These 80 mutants also frequently failed to maintain nuclear integrity after a seemingly 81 successful recovery event (Fig. 1f) . Following an extended delay, most mutant cells 82 eventually recovered nuclear integrity. We concluded that the persistent enrichment 83 of the Lem2-Nur1 complex at the sites where the NE wraps around the mitotic 84 spindle might be essential for the timely re-establishment of nucleocytoplasmic 85 compartmentalisation. 86 87 LEM-domain proteins were proposed to mediate NPC quality control in S. 88 cerevisiae 16, 17 , maintain NE integrity in S. pombe 18 , and help reform the NE in 89 cultured human cells [18] [19] [20] through recruitment of the ESCRT-III machinery 19, 20 . 90 endosomes, it was difficult to detect Vps4 at the NE. Nevertheless, we observed 125 Vps4-GFP localizing transiently to the Lem2 'tails' and the SPBs during mitotic exit 126 (Fig. 2a) , the latter likely coinciding with SPB extrusion from the NE plane 25, 26 . We 127 confirmed this localization pattern by using a vps25∆ mutant where Vps4 could no 128 longer localize to endosomes ( Fig. 2b and Extended Data Fig. 2b ). Using this 129 system, we established that Vps4-GFP was primarily recruited to the distal ends of 130 the Lem2-mCherry-labelled NE 'tails' (Fig. 2b,c) . Peak Vps4-GFP recruitment 131 occurred around 7 min after NE rupture (Fig. 2d) , concurrent with re-establishment of 132 nuclear compartmentalisation (Fig. 1a) . 133 134 Vps4 recruitment to the distal ends of Lem2 'tails' during mitotic exit depended on 135 the functional Lem2-Nur1 complex. In the absence of Lem2 or Nur1 Vps4 was no 136 longer detected at the NE (Fig. 2e ,f and Extended Data Fig. 3a ). Vps4 recruitment 137 also depended on Cmp7 and Vps32 (Extended Data Fig. 3b,c) . Vps24-GFP 138 exhibited similar localization at mitotic exit, despite not being essential for re-139 establishment of nuclear integrity following NE breakdown (Extended Data Fig. 3d with Lem2 at the NE (Fig. 3d) . In addition, Vps4
EQ -GFP was detected on 176 endosomes. Confirming that these interactions also occur in WT cells, we observed 177 persistent NE-associated foci of Vps4-GFP in a fraction of WT interphase cells (Fig.  178 3e; Extended Data Fig. 4c ; typically, one Vps4-GFP object per nucleus). The 179 frequency of these foci was not affected by the deletion of vps25 but they were no 180 longer present when lem2 or cmp7 were deleted (Fig. 3e) . In the absence of Vps4, 181
Cmp7-mNeonGreen was trapped in large clusters at the NE together with Lem2-182 Nur1 (Fig. 3f,g ). In WT cells Cmp7-mNeonGreen was faintly visible around the cell 183 cortex and sometimes at the NE (Fig. 3f) suggesting that Vps4 ts -GFP behaved as a mild hypomorph (Fig. 3h) . Upon the shift 189 to the restrictive temperature of 36°C, Lem2 became increasingly trapped in clusters 190 at the NE (Fig. 3h) . This suggested that continuous Vps4 activity is required to 191 prevent the formation of persistent Lem2 clusters at the INM during interphase.
7
All core ESCRT-III mutants exhibited Lem2 clustering. Yet, the severity of this 193 phenotype depended on whether Vps4 was present in these clusters and correlated 194 with failed nuclear compartmentalization (Fig. 1g) . Similar to vps4∆ cells, Lem2 was 195 found exclusively in large clusters in vps32∆ mutants (Fig. 3i) . Vps4 did not localize 196 to these clusters, suggesting that in vivo, unlike in vitro, Vps32 was essential to 197 recruit Vps4 to Lem2 and Cmp7. In the absence of Vps24 and Did4, Lem2 clusters 198 were smaller in size and contained Vps4 (Fig. 3i) . Thus, in these mutants Vps4 could 199 be at least partially functional and disassemble Lem2-Cmp7-Vps32 complexes at the 200 NE. As expected, Lem2 localization was not affected by the loss of ESCRT-0, -I and 201 -II function (Extended Data Fig. 4d Vps4 is still recruited to the NE in the absence of Vps24 and is capable of residual 222 function (Fig. 3i ). Yet, we have shown that Vps4 is not recruited to the NE in the 223 absence of Cmp7 (Extended Data Fig. 3b and Fig. 3e ). We interpret this as evidence 224 that Cmp7 plays an integral role in driving the formation of persistent 225 heterochromatin-associated Lem2-Nur1 clusters in the absence of Vps4 function.
We investigated the fate of persistent Lem2 clusters in mitotic vps4∆ cells by 227 performing time-lapse imaging of Lem2-GFP together with a telomere marker mCherry that borders the sub-telomeric heterochromatin. In the WT, the NE-bound 229 telomere clusters dispersed during early mitosis ( Fig. 4c and Extended Data Fig. 5b ) 230 and moved away from the NE, indicating that chromosome arms were released 12,39 231 (Fig. 4d) . In vps4∆ cells Taz1 remained associated with Lem2 clusters throughout 232 mitosis, which co-segregated together with telomeres ( Fig. 4c and Extended Data 233 Fig. 5b ). Indeed, most telomeres did not appear to move away from the NE in mitotic 234 vps4∆ cells as compared to the WT (Fig. 4d) . Kinetochores of vps4∆ cells labelled by 235
Mis6-GFP did detach from the nuclear periphery, yet this distance was significantly 236 reduced as compared to the WT ( 5d). The growth defects were at least partially associated with persistent chromatin-255 NE associations, since the colony size, although not the number of colony forming 256 units was rescued when Lem2 clustering was prevented by additionally removing 257 Nur1 ( Fig. 4f,g ; Extended Data Fig. 5d ). This was despite the fact that the nur1∆ 258 vps4∆ double mutant was defective in nucleocytoplasmic compartmentalisation (Fig.  259 1h). We therefore concluded that persistent heterochromatin association with Lem2-260 Nur1 at the NE was a major cause of growth defects in Vps4-deficient cells. 261
262
We hypothesized that the function of ESCRT-III/Vps4 in releasing Lem2 from 263 heterochromatin was required for Lem2 to enrich at the 'tails'. Indeed, in the mutants 264 that were deficient in nuclear re-compartmentalization (nur1∆, cmp7∆, vps32∆ and 265 vps4∆) Lem2 failed to enrich on 'tail' structures ( Fig. 4h and Fig. 1e ). In the vps24∆ 266 mutant that was not defective in this process, Lem2 was still present at the 'tails' 267 ( Fig. 4h) . To formally test this hypothesis, we tagged Lem2 with GFP-binding-protein 268
(GBP) and expressed it together with Nup189-GFP, forcing the association between 269
Lem2 and the NPCs (Extended Data Fig. 5f ). The NPCs are excluded from the 'tail' 270 domain and instead are associated with chromosome arms through Man1 12 . Indeed, 271
Lem2-GBP/Nup189-GFP complexes localized around the NE but were absent from 272 'tails' (Extended Data Fig. 5f ). Failure to localize Lem2 to the regions where the 273 spindle intersects with the NE led to a marked deficiency in re-establishing 274 nucleocytoplasmic compartmentalisation (Fig. 4i ). Under these conditions, ESCRT-III 275 and Vps4 were fully functional, but Lem2 was sequestered away from the tails. 276
Hence the function of ESCRT-III machinery in this process depended critically on the 277 localization of Lem2-Nur1 to NE 'tails'. We conclude that Lem2-Nur1 must be first 278 released by the ESCRT-III/Vps4 machinery from heterochromatin during interphase 279 to be able to enrich at the NE sealing sites in order to re-establish nucleocytoplasmic 280 compartmentalisation. 281 282 Our findings define a mechanism through which the ESCRT-III/Vps4 machinery 283 controls tethering of heterochromatin to the Lem2-Nur1 complexes during 284 interphase. We propose the following model ( Fig. 4j): (1) the Lem2-Nur1 complex 285 binds to heterochromatin; (2) Cmp7 recognises this bound state and interacts with 286 Lem2; (3) Cmp7 then recruits Vps32 and Vps4, which (4) work together to catalyse 287 the release of Cmp7 from Lem2. We speculate that this remodelling step (5) Cmp7 assemblies may act as a molecular sealant aiding nuclear membrane 298 attachment to spindle microtubules 43 . Of note, we show that Lem2 requires Cmp7 to 299 enrich at NE 'tails' and establish nucleocytoplasmic compartmentalization (Fig. 4h) . 300
301
The release of chromosomes from the NE, whether through breakdown of the NE or 302 dissociation from an intact membrane, is a common feature of mitosis in 303 49 . We titrated canavanine concentration in EMM plates with supplements 368 from 0-10 µg ml -1 and determined the optimal working concentration for S. japonicus 369 to be around the 4-4.5 µg ml -1 level (data not shown). Note that this is higher than 370 the working concentration for S. cerevisiae. vps4-3xHA-GFP and vps24-LAP-GFP 371 strains grew similar to WT when exposed to 4.5 µg ml -1 canavanine (Supplemental 372 
GST pulldown assays 426
GST pulldown assays were performed as previously described 31, 52 . Pierce magnetic 427 glutathione beads (Thermo, 78602) were incubated in 0.1%BSA in ATPase buffer 428 overnight. 5µg of GST tagged proteins were bound to beads for 2 hours at 4°C, 429
washed and optionally incubated with 500ng of Cmp7-3xFLAG and/or Vps32-3xMyc 430 for 1 hour at 4°C. 500ng of Vps4 E233Q -3xHA or Vps4-3xHA was added in the 431 presence or absence of 1mM ATP for 10 minutes at room temperature. After five 432 washing steps in ATPase buffer with 600mM NaCl, proteins were eluted from beads 433 using sample buffer (2%SDS, 100mM Tris 6.8, 10% glycerol, 5% beta-434 mercaptoethanol, 0.01% bromophenol blue) at 96°C for 10 minutes. Samples were 435 separated on a 12.5% SDS Page. Proteins were either stained by Brilliant Blue 436
Coomassie or subjected to Western blotting. 437
438

Antibodies and Reagents 439
Anti-FLAG (3165) and anti-Myc (4439) antibodies were purchased from Sigma. Anti-440 HA antibody was purchased from Cell Signalling (C29F4). ATP was purchased from 441
Sigma (A-2383). 442 443
Quantification and data analysis 444
Analysis software 445
All imaging data were analysed and imaging data figures were prepared in 446 
Analysis of recruitment of Vps4 to distal NE tails 458
For time-lapse imaging, cells were imaged every 1 minute for a maximum duration of 459 30 minutes. Z-stacks of slices with 0.5 µm distance (total stack 4.5 µm) were 460 obtained at each time point. Maximum Z-projections were made and a line was 461 drawn of 8 pixels wide and 80 pixels long starting from the SPB to the end of the tail 462 structure. Fluorescence intensity was extracted using the plot-profile function for 10 463 cells (Fig. 2c) . For Fig. 2d (timing of Vps4 recruitment to the tails) 13 cells were 464 followed from NE rupture to spindle breakdown. 465
466
Recruitment of ESCRT-III/Vps4 to the NE during interphase 467
For imaging of persistent recruitment of Vps4-GFP to the NE (Fig. 3e and  468 Supplemental 
